Based on the existing micro-pressure wave calculation model, the micro-pressure wave parametric prediction model is put forward. The micro-pressure wave is obtained by using the high order spectrum difference and perfectly matched layer boundary condition technologies. Then the function relationship between micro-pressure wave and spatial distance is discussed. 
head wave is transmitted to the tunnel exit and radiates pulse wave outside, causing a strong sound of air detonation, called the micro-pressure wave.
The micro-pressure waves have been found obviously in the tunnel aerodynamic test of the He-Wu High-speed Railway and Shi-Tai High-speed Railway at 250km/h, the tunnel aerodynamic test of the Wu-Guang High-speed Railway at 350km/h, and the tunnel aerodynamic test of the Beijing-Shanghai High-speed Railway at 380km/h. According to the test results at Mountain Da-yao, as shown in Figure 1 , the order of magnitude of the micro-pressure wave peak value is 10 1 Pa when the high-speed train runs through the tunnel at 200-250Km/h.
It belongs to the quasi-linear wave. Its mechanism and propagation characteristics can be described by the classical linear theory such as Lighthill acoustic analogy theory [1, 2] within the scope of quasi-linear. In the quasi-linear category, the various correlation factors of the micro-pressure wave can be separated relatively efficiently, thus the simplified model can be constructed to describe its formation and propagation mechanism. From the end of last century to the beginning of the century, a large number of relevant researches were conducted both at home and abroad, and reliable physical application models [3] [4] [5] were obtained. For example, the Japanese scholar Yamamoto put forward formula of the micro-wave pressure [5] , as shown in Eq.(1), but which is suitable for the sound field of radiative zone. However, it is found out that the order of magnitude of the micro-pressure 706 wave peak value is 10 2 Pa and the micro-pressure wave time domain curve tends to be sharp [6] in the tunnel aerodynamics test of the Wu-Guang High-speed Railway at 350Km/h, as shown in Figure 1 . Experimental results indicate that there is an obvious strongly nonlinear area near the tunnel exit, and the micro-pressure wave energy diminishes and shifts to high frequency range [7] when the micro-pressure wave spreads outward from the tunnel exit. The inverse ratio relationship between the micro-pressure wave peak and the propagation distance is no longer exact, which shows that a strongly nonlinear acoustic source is formed near the tunnel exit.
The nonlinear acoustic source area is located in the space region of double the tunnel diameter outside the tunnel exit [7] when the high-speed train run through the tunnel at higher speed than 300km/h. In the nonlinear acoustic source area, the relative error is 20% [8] The parameter of  can be obtained through 3 steps. The first step is to get the result of the compression head wave through the moving model test. The second step is to calculate the micro-pressure wave peak values at the positions of different axial length with by using the high order spectrum difference and perfectly matched layer boundary condition technologies. The third step is to fit the function relationship between the micro-pressure wave peak values with the axial length based on the power function. The calculation formula of the micro-pressure wave in this area is helpful to evaluate and control the micro-pressure wave outside the tunnel exit.
MOVING MODEL TEST
The test was carried out in the aerodynamic moving model test platform of Central South University. Two types of sensors are used in this experiment, which are pressure sensors and 4193 microphone of Danish B&K Company. The pressure sensor is installed in the tunnel wall at the proper location from the tunnel exit to collect the test results of the compression head wave. The 4193 microphone [9] is mounted on the axial distance of 10m and 20m from exit tunnel outlet (full size) to collect the test results of the micro-pressure wave, as shown in figure 2.
The result of the compression head wave is provided to the numerical calculation model of the micro-pressure wave, and the correctness of the parameterized calculation formula of the micro-pressure wave is verified. Table 1 shows the test conditions and test results, and figure 3 shows the time course curve of the original and filter processing of the micro-pressure wave. Fig. 3 shows that the time path curve of the micro-pressure wave becomes more and more acute, and the nonlinear effect becomes more and more obvious, with the increasing speed of the train through the tunnel.
NUMERICAL CALCULATION
Tunnel is similar to the structure of an axisymmetric circular tube, and the micro-pressure wave length is short to ignore the orbits of the tunnel reflection, so the tunnel may be simplified into the circular tube structure. Then the micro-pressure numerical results are corrected through the modified area method. The numerical model can be simplified to two dimensions because of the axisymmetric properties of tunnel and outlet. Through the pressure head wave added in the circular tube, the tunnel import and export are set up corresponding boundary according to the needs, and then the propagation in the circular tube and the radiation outside the tunnel exit of the pressure head wave are simulated by using the high order spectrum difference and perfectly matched layer boundary condition technologies, as shown in Fig.4 . Fig.5 shows the calculation domain of the micro-pressure wave, whose scales are made dimensionless treatment through the diameter of the tunnel as the feature length. In Fig.5, edge 1, 3, 4 and 5 are adopted as boundary conditions of the perfectly matched layer boundary, side 6, 7 adopted as the solid wall boundary, and side 2 adopted as the symmetric boundary. The previous section provides the pressure head wave which is nondimensionalized by its maximum value, as shown in The computation domain is divided by quadrilateral meshes. The processes of the compression head wave's propagation in tunnel and radiation outside the tunnel exit are both simulated by using the two-dimensional axisymmetric Euler equations which are solved by the third-order spectral difference [10] [11] [12] [13] [14] and the Runge-Kutta method with 5/6 step, low dissipation and low dispersion (LDDRK) [15] [16] .
Model preparation
These boundary conditions have been checked by the numerical analysis [7, 8] . The error of the micro-pressure wave peak is within 5% [7, 8] between the test results and the simulation results, which shows that the calculation model of this paper has high computational accuracy and can be used in the study of the parametric prediction model of the micro-pressure wave. Fig. 7 shows the distribution of transient pressure field. In Fig.7 , pressure is not dimensionalized by standard atmospheric pressure, length by the tunnel diameter. It can be seen from the figure that the compression head wave is propagating in the tunnel. The comparison curves of simulation results and test results are shown in Fig.8 . It is shown in figure 8 that the simulation results are consistent with the experimental results for the first convex part of the micro-pressure wave time domain curve, but not consistent for the others. Because the compression head wave of the simulation is absorbed by the perfect matching layer of the boundary, the micro-pressure wave is only affected by the compression head wave. But the micro-pressure wave is not affected only by the compression head wave because of the influences of the subsequent compression wave and the expansion waves reflected back by the entrances.
Results

PARAMETRIC PREDICTION MODEL
In the linear range, the micro-pressure wave peak value is inversely proportional to the tunnel exit axis distance 'r', but isn't inversely proportional to the tunnel exit axis distance 'r' in the nonlinear range. The micro-pressure wave peak values of 12 positions on the symmetry axis of the tunnel exit are calculated by using the numerical model of the previous section. Then the fitting function
x ' is the axial distance; ' y ' is the micro-pressure wave peak value.) is adopted to fit the relationship between the micro-pressure wave peak value and the axial distance. The fitted relationship between the micro-pressure wave peak value and the axial distance is shown in Fig.9 , and the fitted report is shown in Table 2 . According to the above fitting results, the peak value of the micro-pressure wave is proportional to the tunnel axial distance to the exponent. The exponent is respectively -0.87, -0.86, -0.85 and -0.83 at the speed level of 200km/h, 250km/h, 300km/h and 350km/h. With the increasing speed of high-speed train through the tunnel, the parameter  in Eq.(2) gradually deviates from 1. Furthermore, the nonlinear characteristics of the micro-pressure wave are enhanced with the increasing speed of the high-speed train through the tunnel. According to the results in table 3, the relative error of micro-pressure wave peak value with Eq. (3) is too large to meet the requirement of engineering application. The reasons are following. Eq. (3) is derived from the linear range. When the speed of the high-speed train enters the tunnel at the speed of more than 200km/h, the space region of double the tunnel diameter outside the tunnel exit is the aerodynamic sound source area, which is the typical nonlinear category. So Eq. (3) is no longer suitable for calculating micro-pressure wave peak value of the area. However, the relative error of Eq. (4) is getting smaller and smaller with the increasing speed of high-speed train through the tunnel, indicating that the Eq. (4) is suitable for calculating micro-pressure wave peak value in the strong nonlinear range. In addition, Eq. (4) has obvious improvement effect relative to Eq. (3), and has certain engineering application value.
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CONCLUSION
In this paper, we successfully constructed the parametric prediction model of micro-pressure wave through the combination of experiment and simulation. The parameter  in Eq. (2) at different speed level is shown in the following table. 
